The mechanical rigidity of cells and adhesion forces between cells play an important role in a variety of biological processes including cell differentiation, proliferation, and tissue organization. Atomic force microscopy (AFM) has emerged as a powerful tool to quantify these mechanical properties and adhesion forces at the cellular level. Here we demonstrate an instrument that combines AFM with a side-view fluorescent imaging path that enables direct imaging of cellular deformation and cytoskeletal rearrangements along the axis of loading. With this instrument, we were able to directly observe cell shape under load, correlate changes in shape with force-induced ruptures, and image formation of membrane tethers during cell-cell adhesion measurements. Additionally, we observed cytoskeletal reorganization and stress fiber formation while measuring the contractile force of an individual cell. This instrument provides a useful tool for understanding the role of mechanics in biological processes.

Research over the last decade has revealed the importance of the mechanical microenvironment in a variety of biological processes. For example, one study found that substrate rigidity can direct the differentiation of naïve mesenchymal stem cells into muscle, bone, or brain cells, while another study linked substrate stiffness with the malignant phenotype of tumor cells [@R1],[@R2]. A more recent study found that the adhesive forces between ectoderm, mesoderm, and endoderm progenitor cells play a crucial roll in germ layer organization in zebrafish embryos [@R3]. While mechanical loads and properties appear to play an important role in all of these processes, the cellular response to controlled mechanical inputs and the specific molecular mechanisms underlying the observed responses are not well understood, partly due to the lack of appropriate experimental tools.

The mechanical properties of individual cells and the adhesive forces between cells have been characterized using magnetic tweezers, micropipette aspiration, single cell rheometry, optical tweezers, and AFM [@R4]-[@R9]. AFM uses a micron-scale cantilever to probe a sample ([Fig. 1a](#F1){ref-type="fig"}) [@R9]. For small deflections, the cantilever behaves like a Hookean spring, exerting a force proportional to its deflection.. By detecting the position of the cantilever with an optical lever, forces exerted on a sample by the cantilever or imposed by the sample on the cantilever can be measured with high resolution (\~ pN) over a large dynamic range (hundreds of nN).

Because of these capabilities, AFM has been used extensively to study mechanics at the cellular scale. The mechanical properties of cells have been determined by imposing a stress with the cantilever and measuring the resulting strain or by conducting oscillatory microrheology measurements [@R10],[@R11]. In addition, AFM can be used to measure the adhesion between two cells by attaching one cell to a cantilever, pressing it against a second cell solidly attached to a surface, and measuring the force required to pull the two cells apart [@R12],[@R13].

AFM is often combined with brightfield and fluorescence microscopy to image cellular shape and labeled cellular proteins while making force measurements. Conventional AFMs typically allow straightforward combination with epi-fluorescence imaging systems that provide an image of the sample along a plane parallel to the surface, which we refer to as a "bottom-view" ([Fig. 1a,b](#F1){ref-type="fig"}). However, the most significant cellular deformations and cytoskeletal rearrangements are expected to be aligned with the applied force in a plane perpendicular to the surface. Imaging in this plane via a "side view" would allow one to relate specific cellular responses along the loading direction with the applied load.

One approach to obtaining side-view images of the sample while applying and measuring forces has been to combine AFM with confocal microscopy, which is capable of providing sub-micron resolution images [@R14]. However, the timescale required for high-resolution confocal imaging exceeds that of some typical AFM measurements such as that of cell-cell adhesion, as well as the timescale of many active biological processes of interest [@R12],[@R13].

A more straightforward approach is to develop a side-view imaging path that aligns the image plane with the axis of loading. In one such instrument, cantilever position is detected with the side-view images instead of optical lever detection, significantly limiting the temporal and spatial resolution of cantilever position [@R15]. In a micropipette-based AFM instrument, the sample is held by a micropipette and can be imaged from the side [@R16],[@R17]. While convenient for holding cells via aspiration, this approach restricts sample geometries and cannot take advantage of large sample areas, such as glass slides and culture dishes used for adherent cells, which are useful for rapid selection and measurement of cell populations. These previously reported instruments have not incorporated epi-fluorescence imaging capabilities of labeled cellular components in the side-view imaging path.

Here we describe the development of an AFM with an optical side-view imaging path to allow direct, high numerical aperture epi-fluorescence imaging of the sample along the loading axis. We demonstrate the utility of this instrument for interpreting the dynamics of adhesion between two cells and analyzing the contractile behavior of an individual cell under tensile forces.

RESULTS {#S1}
=======

Side-view AFM design {#S2}
--------------------

The central design challenge in the development of this instrument was positioning a high-numerical aperture microscope objective in close proximity to a cantilever while retaining thermal noise-limited deflection sensitivity. Furthermore, the cantilever and sample had to be imaged with minimal aberrations while immersed in media. To solve this problem, we designed a glass fluid cell that holds a commercial cantilever chip adjacent to a glass coverslip ([Fig. 1c](#F1){ref-type="fig"}, [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}, **Online Methods**). This coverslip serves as a planar imaging interface through which the side-view objective can image the cantilever and sample under investigation. The minimum distance between the objective and the cantilever is limited by the thickness of the coverslip (\~170 μm) and the distance between the cantilever and the edge of the cantilever chip (\~0.5 mm for the cantilevers used in our system). Samples can be imaged with oblique white light illumination ([Fig. 1d](#F1){ref-type="fig"}) or in epi-fluorescence ([Fig. 1e](#F1){ref-type="fig"}).

The cantilever position is detected via a calibrated optical lever system similar to conventional AFMs. A collimated laser is focused with a lens onto the cantilever, and the reflected beam from the cantilever surface is collected onto a position sensitive photodiode ([Fig. 1a](#F1){ref-type="fig"}). The position detection resolution of this is thermally limited and is unaffected by the side-view imaging path ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}).

Leukocyte to endothelial cell adhesion {#S3}
--------------------------------------

As an initial demonstration of the side-view AFM, we investigated the adhesion between leukocytes and endothelial cells. As part of the immune response to infection or inflammation, leukocytes circulating in the blood vessels must migrate through the endothelial cell layer into the affected tissue [@R18]. The first stage of this response involves the rolling of the leukocytes along the activated endothelial cell layer followed by adhesion of the leukocyte to the endothelial cell [@R18]. After adhesion, the leukocyte may transmigrate through the endothelial cell [@R18].

The adhesion between leukocytes and endothelial cells has been studied extensively by micropipette aspiration, bulk shear flow measurements, and AFM [@R6],[@R19]-[@R21]. However, measurements with AFM have typically been done by allowing cells to touch briefly (\~1s) so that only the molecular bonds at the cell surface would be able to form, and thus cytoskeleton recruitment to and reinforcement of the adhesion could be ignored [@R21]. In contrast to those experiments, we probed the adhesion after the leukocyte and endothelial cell had been allowed to form a stronger adhesion over time (\~10 minutes). We let leukocytes settle over a monolayer of activated endothelial cells. Within ten minutes, we selected a single leukocyte attached to an endothelial cell and pressed the surface of a Concavalin A (ConA) coated cantilever (just behind the tip) onto the leukocyte, exerting a constant small compressional force (\< 1.0 nN) on the leukocyte for \~15 minutes ([Fig. 2a](#F2){ref-type="fig"}, **Online Methods**). ConA promotes a strong passive attachment between the leukocyte and the cantilever and is commonly used in other leukocyte-endothelial cell adhesion measurements with AFM [@R21].

We then applied a load to the cell-cell adhesion by moving the sample surface away from the cantilever at a constant rate (500 nm/s), which is on the order of the flow speeds experienced physiologically for leukocytes rolling along the endothelium ([Fig. 2a](#F2){ref-type="fig"}) [@R22]. The cantilever was pulled down as the surface was pulled away due to the strength of adhesion between the two cells, so that the cantilever exerted a tensile force on the cell-cell adhesion ([Fig. 2b](#F2){ref-type="fig"}). Eventually, the adhesion between the two cells could not sustain further increases in force, and the adhesive force dropped significantly through a series of discrete ruptures of \~hundreds of pN each. Force ruptures on a smaller scale of \~10-50 pN were also measured. After this de-adhesion phase, only the smaller force ruptures were observed as the two cells were pulled further away from each other, but the total force between the two cells as remained non-zero. Side-view images of the leukocyte, labeled with a membrane dye, revealed the formation of long membrane tethers between the leukocyte and the endothelial cell as the cells were pulled apart ([Fig. 2c](#F2){ref-type="fig"}, [Supplementary Video 1](#SD2){ref-type="supplementary-material"}, n = 3). Tether formation explains the non-zero steady-state force after leukocyte-endothelial cell de-adhesion because a force (\~100 pN/tether) was required to keep a tether from merging back into the cell body, and our side-view images show at least three tethers remain after the two cell bodies have been separated ([Fig. 2d](#F2){ref-type="fig"}) [@R23].

Next we analyzed the images of leukocyte shape taken with the side-view imaging path. By using a custom thresholding algorithm for each image taken at 10 Hz, we determined the aspect ratio of the leukocyte cell body and compared this to the force trace ([Fig. 2e](#F2){ref-type="fig"}). We found that initially, as some leukocytes were subjected to increasing tensional forces, their aspect ratios increased. This was followed by a decrease in aspect ratio concurrent with the observation of the large force ruptures, after which the aspect ratio reached a steady-state value. The large force ruptures are thus temporally correlated with aspect ratio changes of the leukocyte cell body as the cell returns to a steady-state shape. Since the cytoskeleton is thought to predominantly determine shape of the cell body, these results suggest that the large rupture events represent the de-lamination of the cytoskeleton from the membrane at specific cell-cell adhesion locations. This is consistent with the observation of tethers forming between the two cells, since an unsupported membrane attached at discrete points under tension is expected to form tethers as the most energetically favorable state of attachment at higher forces [@R23]. Thus, the side-view imaging path enabled us to correlate the AFM force measurements and force rupture events with changes in cell shape and provide an interpretation of the large force ruptures.

Adherent cell contraction against a load {#S4}
----------------------------------------

As a demonstration of the use of the side-view AFM in probing an active biological process as opposed to a passive mechanical response, we imaged the shape and structure of the actin cytoskeleton during adherent cell contraction of a single cell between two surfaces while measuring the force of contraction. The contractile forces exerted by adherent cells are typically studied for cells on a 2-dimensional soft substrate, where the deformation of the substrate or structures patterned on the substrate can be used to determine the force [@R24],[@R25]. In these cases, the adhesions to the surface are all on the basal surface of the cell, so the contractile forces are all parallel to the adhesions. The geometry of our system allows us to probe the development of cytoskeleton structure and contraction of cells in a quasi-3D environment, where the cell is adhered to two surfaces and is contracting between them. In this case the contractile forces are normal to the adhesions. This geometry has the advantage of allowing a direct application and measurement of force between sets of adhesions on each surface.

Adherent U2OS cells have been previously shown to have a cytoskeleton that is dynamic so that it assembles and remodels quickly but also exhibits a robust structure displaying thick stress fibers[@R26]. We investigated the contraction behavior of single adherent U2OS cells under load ([Fig. 3a-c](#F3){ref-type="fig"}). First, we allowed stably transfected U2OS cells expressing GFP-actin to settle on the glass sample surface coated with fibronectin ([Fig. 3d](#F3){ref-type="fig"}). Then, we exerted a small compressional force on an individual cell with the flat portion of a fibronectin-coated cantilever before the cell had time to spread on the sample surface. The cell was observed to spread on the cantilever and sample surfaces as the cell-cantilever interface and cell-surface interface assumed a flat profile ([Fig. 3d](#F3){ref-type="fig"}, n = 11)

Next, we allowed the cell to contract between the cantilever and the surface while simultaneously imaging the actin cytoskeleton. Since the position of the surface was fixed, the cell contracted against increasing tensile forces as it pulled the cantilever towards the surface. Initially, the rate of cell contraction increases as the cell contracts against increasing force, and then eventually approaches a constant rate of contraction (n = 9). Simultaneously, some actin fibers are observed to grow towards the cantilever in this experiment ([Fig 3d](#F3){ref-type="fig"}, at 15 min, [Supplementary Video 2](#SD3){ref-type="supplementary-material"}). This suggests that the initial increase in cell contraction rate against increasing loads could be an initiation of a contraction phase, with a rate that increases as the cytoskeleton remodels and connections between the two surfaces in the form of stress fibers are established. Other fibers are observed to remain oriented more parallel to the surface. This type of cytoskeleton architecture is seen in other experiments, though we do not always see the growth of fibers from one surface to the other (see [Supplementary Video 3](#SD4){ref-type="supplementary-material"}).

As the cell adheres to the two surfaces and begins to contract, we observe a change in morphology from the initial rounded shape to a characteristic "hourglass" shape. To quantify this change in morphology, we measured the width of the cytoskeleton at the midpoint of the cell using a custom thresholding algorithm for each image ([Fig. 3c](#F3){ref-type="fig"}, **Supplementary Methods**). The lateral contraction completes before the vertical contraction rate increases to reach its maximum.

In many of these contraction experiments, the U2OS cells do not reach a steady state length. Instead we observed the contractile force to decrease after reaching a maximum, and the cell length begins to increase again ([Fig. 4a](#F4){ref-type="fig"}, [Supplementary Video 3](#SD4){ref-type="supplementary-material"}). Interestingly, the side-view images of the cytoskeleton show the rupture of adhesion sites along one of the surfaces to be responsible for this event as opposed to a decrease in contractile force exerted by the cell with the adhesions remaining intact ([Fig. 4b](#F4){ref-type="fig"}). This indicates that the contractile forces that the cytoskeleton can exert across its cell body exceed the strength of the adhesion between the cell and these fibronectin-coated surfaces.

DISCUSSION {#S5}
==========

In our leukocyte-endothelial cell adhesion experiments, we observed large force rupture events coincident with a return of the leukocyte to a steady-state shape (after the cells had been given time to form a high-strength adhesion), suggesting detachment of the actin cytoskeleton from the membrane is responsible for these large force ruptures. This is consistent with the formation and lengthening of membrane tethers observed following this phase, and the results suggest that the cytoskeleton attachment to the membrane is localized to discrete areas.

Interestingly, we see that the tethers formed in this experiment are extruded from the leukocyte membrane, whereas a previous micropipette-based assay found the tethers to be extruded predominantly from the endothelial cell [@R19]. Several disparities between the two experimental systems may account for this difference. In the micropipette-based experiment, the endothelial cells were rounded in contrast to our experiment in which the endothelial cells were spread out and adopt a configuration that more closely approximates their physiological state. Additionally, the micropipette-based experiments allowed the cells to interact only briefly so that low strength adhesions were formed. These differences highlight the complexity of the adhesion between leukocytes and endothelial cells and point to the importance of boundary conditions and imaging in the interpretation of adhesion behavior.

In the single cell contraction experiments, we find that after spreading onto the cantilever and sample surface, the cell contracts laterally at its midpoint before pulling the cantilever down vertically towards the surface. This inward contraction is perpendicular to the expected direction of contraction between the adhesion sites on the two surfaces and represents an active behavior since a conventional material with a length reducing in one dimension is expected to increase its length in the other two dimensions. Thus the inward contraction of the U2OS cells may be an initial remodeling of the cytoskeleton that enhances the ability of the cell to spread on the two surfaces. Alternatively, it could represent active inward contraction of the cytoskeleton along the midsection of the cell.

On longer timescales, we find that the U2OS cells often do not reach a steady-state contraction length or force, and instead the attachment to one surface sometimes ruptures. This could be due to active sensing of stiffness or force across the cell body, or the U2OS may simply exert contractile forces that the adhesions cannot sustain. This raises the question of what regulates cell attachment to surfaces in a quasi-3D environment. It is also possible that this cellular response may be influenced by the angle of the cantilever relative to the surface, and that the resulting difference in cell height across the cell is actively sensed. Further experiments are needed to determine the underlying mechanism of these behaviors and that of the formation and growth of stress fibers spanning the attachment surfaces.

The combination of side-view imaging with AFM provides insight into mechanical force measurements and reveals interesting mechanical behaviors that raise new questions about cell contractility. We anticipate that this side-view AFM will be useful for future studies of cell mechanics, cell contractility, and cell-cell adhesion, particularly when protein localization or cytoskeletal rearrangement will help to reveal molecular mechanisms underlying the responses. Potential applications of the side-view AFM include probing the deformation of the nucleus and nuclear-cytoskeleton coupling during cell mechanics experiments, observing cytoskeleton recruitment during cell-cell adhesion measurements [@R27], and quantifying density changes in growing dendritic actin networks under load [@R28].
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Online Methods {#S7}
==============

Instrument components {#S8}
---------------------

The essential elements of our side-view imaging path are shown in [Supplementary Figure 1](#SD1){ref-type="supplementary-material"}. The entire system is mounted on an optical breadboard that is vibrationally isolated with pneumatic support (Technical Manufacturing Corporation) and housed in a custom built acoustic enclosure. The main components of the cantilever position detection system are a 25 mW (used at 5 mW in our system), λ = 785 nm laser (Blue Sky Research), a position sensitive diode as the detector (DL100-7PCBA3, Pacific Silicon Sensors, Inc.), a f = 75 mm lens to focus the laser (Thorlabs, Inc.), a cold mirror (Edmund Optics) to reflect the laser onto to the cantilever, and an uncoated silicon nitride cantilever (MLCT-NO, Veeco Probes). The laser, position sensitive diode, lense, and dichroic mirror are all mounted on a small breadboard (Thorlabs, Inc.) and the breadboard is moved manually with a 3D translation stage (460A, Newport Corp.) at the beginning of every experiment to position the focused laser onto the cantilever. The cantilever is held rigidly in a custom designed and machined fluid cell, and is fixed in space during the experiment. Instead, the sample surface (a 0.5" × 0.5" cover glass mounted on top of a custom machined aluminum piece) is moved during an experiment relative to the cantilever. The sample surface is positioned in XY and coarsely in Z with motorized actuators (CMA-12CCCL, 12.5 mm range, Newport Corporation) mounted in a 3D translation stage (562, 12.5 mm range, Newport Corp.), and then moved finely in Z with a closed loop Z-axis piezoelectric stage (P-620.ZCD, range = 50 μm, resolution = 0.2 nm, Physik Instrumente, LP).

At the beginning of an experiment, 100 μl of fluid/cells is pipetted onto the sample surface. The surface is then moved coarsely to within 25 μm of the cantilever, forming a fluid chamber. The bottom-view imaging path consists of a white lightsource (Fiberlite Fiber optic illuminator, Dolan Jenner Ind.), a 4X objective (Edmund Optics), and a CCD (WAT-902H2 Supreme, Watec). The essential components of the side-view optical path include a water immersion objective for the side-view imaging path (63X/NA = 1.0, WD = 2.0 mm, Carl Zeiss Inc.), a \#1 glass coverslip attached to the fluid cell, which serves as the side-view imaging interface, a standard fluorescence imaging suite consisting of a xenon arc lamp/ excitation/ emission filter wheels (Sutter, Inc.), and a cooled, low-light CCD (Retiga-SRV, Q-imaging) to collect images. The side-view objective position is controlled in 3-axes with motorized actuators (Z612B, range = 6.5 mm, Thorlabs, Inc.) mounted in a 3D translation stage (460A, Newport Corp.). This allows us to take image stacks from the side to locate planes in which actin fibers are forming. All other miscellaneous mechanical or optical components were purchased from standard suppliers (i.e. Thorlabs, Edmund Optics, Sutter Instruments) or custom built. The entire system is controlled with software written in LABVIEW (National Instruments).

Cell-cell adhesion experiments {#S9}
------------------------------

Endothelial cells (HUVECS) were purchased from (Lonza) and cultured in EGM-2 media (Lonza). Human promyelocytic leukemia cells (HL60 line) cells were purchased from ATCC, cultured in RPMI with 10% FBS, and differentiated with 1.5% DMSO for 3-5 days into neutrophil-like cells for experiments. Endothelial cells were plated on a fibronectin-coated glass sample surface to form a monolayer and activated by overnight incubation with TNF-α. These cells were allowed to spread overnight before use. Endothelial cells were labeled with CellTracker Green (Invitrogen), and leukocytes were labeled with the Vybrant DII membrane dye (Invitrogen). Cantilevers were coated with ConA using a procedure described previously. for passive attachment of leukocytes to the cantilever surface[@R21].

Cell contraction experiments {#S10}
----------------------------

U2OS cells stably transfected with GFP-actin were purchased from Marinpharm GmbH, and cultured in DMEM growth medium (Gibco). A HOECHST 33342 (Invitrogen) nuclear stain and Vybrant DII membrane dye (Invitrogen) were used in [Figure 1e](#F1){ref-type="fig"}. For the experiments shown in **Figures** [3](#F3){ref-type="fig"} **&** [4](#F4){ref-type="fig"}, a piranha cleaned cantilever (3:1 mixture of H~2~SO~4~ to H~2~O~2~) and glass sample surface were incubated with 0.05 mg/ml Fibronectin (Sigma) for at least 1 hour at 37o C in an incubator and then washed in sterile Phosphate Buffered Saline before the experiment. For the experiment itself, U2OS cells were trypsinized from culture and diluted into CO~2~ independent media at a concentration of 100,000 cells/ml, and immediately added into the fluid chamber.

Data collection and analysis {#S11}
----------------------------

AFM data was typically collected at 100 Hz. Prior to digitization with a data acquisition card (National Instruments), data was anti-aliased at 50 Hz (Krohn-hite Inc.). Offline data processing was done in Igor Pro (Wavemetrics Inc.). For the analysis of [Figure 3](#F3){ref-type="fig"} and [Figure 4](#F4){ref-type="fig"}, images were thresholded in Igor Pro, adjusting the threshold until the thresholded image faithfully reproduced the cell shape. The maximum cell height and width were calculated to determine the aspect ratio of the cell in [Figure 3](#F3){ref-type="fig"}. The width of the cell was measured from the thresholded image at a height midway between the cantilever and surface for [Figure 3](#F3){ref-type="fig"}. For the power spectrum shown in [Supplementary Figure 2](#SD1){ref-type="supplementary-material"}, data was collected at 100 kHz and anti-aliased at 50 kHz.

![Concept of the Side-view AFM. (**a**) Cartoon schematic of the typical layout of an AFM. A cantilever (black) is used to probe a sample (green). The undeflected cantilever position is represented by the dotted line. The cantilever base is held rigidly by a fluid cell. A laser is focused onto the tip of the cantilever, and the reflected beam is captured by a detector. The position of the reflected beam on the detector is used to monitor cantilever position. A standard bottom-view imaging path (the image plane is represented by the dotted blue line) is shown. (**b**) A typical bottom-view image taken in brightfield. The triangular cantilever is seen, as are several trypsinized U2OS cells (circles). (**c**) Cartoon schematic of side-view imaging path and desired image of sample (image plane is represented by blue dotted line). (**d**) Side-view image of a U2OS cell and cantilever under oblique white light illumination. Surface is represented by grey dotted line. (**e**) A merged image consisting of images taken in epi-fluorescence of the cell membrane (red), GFP-actin (green), and the nucleus (blue) of a U2OS cell. The reflection of the sample from the glass sample surface (grey dotted line) can be seen and identifies the surface boundary. Scale bars are all 20 μm.](nihms-103668-f0001){#F1}

![Measurement of adhesion between leukocyte and endothelial cell. (**a**) Cartoon schematic of experiment design. The cantilever is pressed into a leukocyte (red) attached to an endothelial cell (green), then the sample surface is pulled away at a constant rate. (**b**) Representative force-distance trace for a single cell **[\[AU: correct?\]]{.ul}** adhesion experiment where distance refers to the distance the sample surface has moved relative to its initial position, and a positive force indicates a compressive force. The surface was moved away at 500 nm/s. (**c**) Time series of images of the leukocyte labeled with a membrane dye taken at the selected distances. White arrows point to tethers formed between the leukocyte and endothelial cell. (**d**) A merged epi-fluorescence side-view image of a leukocyte (red) and an endothelial cell (green) immediately after the adhesion measurement. (**e**) The aspect ratio of the cell (shown as a cartoon in the inset) is measured for all the images taken with the side-view imaging path (images were taken at 10 Hz) and shown in grey. This trace is smoothed with a Savitzky-Golay 2^nd^ order filter for clarity (black). \[AU: Is this a single representative trace? Out of what total n?\] Scale bars are 10 μm (**c, d**).](nihms-103668-f0002){#F2}

![Contraction of U2OS cell against load. (**a**) Cartoon of experiment design. Cell width, indicated by blue dotted arrows, is measured from side-view images. (**b**) Cell length and force of contraction are shown for a single representative experiment **[\[AU: correct?\]]{.ul}**. Cell length was calculated as the difference between the cantilever deflection and the position of the surface, and was calibrated initially by measuring the height of the cell at its midpoint optically with side-view images (**a**, black dotted arrow). (**c**) Cell width (**a**, blue dotted arrows) was measured for every image taken **[\[AU: is this for a single cell?\]]{.ul}** during the experiment and shown as the blue trace (top) over time. (**d**) Side-view images taken at the indicated time points of GFP actin in the cell. The location of the surface and cantilever are represented by the yellow dotted line and blue cartoon respectively. Scale bar is 10 μm.](nihms-103668-f0003){#F3}

![Contractile force of U2OS cell exceeds force of adhesion to bottom surface. **(a)** Cell length (red) and contractile force (blue) for a single contracting U2OS cell over time. **(b)** Series of side-view images taken of GFP actin at the indicated times corresponding to the dotted lines in **a**. Increase in cell length and decrease in contractile force is coincident with the release of the adhesion (red arrow) to the bottom surface. The location of cantilever surface is represented by the superimposed blue cartoon. Scale bar is 10 μm.](nihms-103668-f0004){#F4}
